
Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 586–591, January 1999
Genetics

Gender-specific frequency of background somatic mutations at
the hypoxanthine phosphoribosyltransferase locus in
cord blood T lymphocytes from preterm newborns

MAKOTO YOSHIOKA*†, PAMELA M. VACEK‡, TINA POSENO†§, ROBERT SILVER*, AND BARRY A. FINETTE*†§¶

Departments of *Pediatrics and ‡Medical Biostatistics, †Genetic Toxicology Laboratory, and the §Vermont Cancer Center, University of Vermont, Burlington,
VT 05401

Edited by James F. Crow, University of Wisconsin, Madison, WI, and approved November 10, 1998 (received for review July 8, 1998)

ABSTRACT Limited information is available regarding the
frequency, spectrum, and clinical relevance of somatic mutations
in the developing fetus. The goal of this study was to determine
somatic mutant frequencies (Mfs) at the hypoxanthine phospho-
ribosyltransferase (HPRT) reporter gene in cord blood T lym-
phocytes from preterm infants to gain insight into in utero
mutational events. Mf determinations were made by using the
HPRT T cell cloning assay on cord blood samples from 52
preterm infants. Natural logarithm Mfs (lnMfs) from preterm
infants were compared with results from our database for
full-term infants. Our analysis revealed higher lnMfs in cord
blood T lymphocytes from preterm compared with full-term
infants (P 5 0.008). In addition, preterm females had signifi-
cantly higher lnMfs compared with full-term females (P <
0.001), whereas preterm males were found to have significantly
lower lnMfs than preterm females (P 5 0.005). Regression
analyses also demonstrate a significant relationship between
lnMf and gestational age for preterm females that does not exist
for preterm males. These results demonstrate the gender-specific
association between Mf and age in humans.

Little is known about the clinical effects of spontaneous somatic
mutations during fetal development. During embryogenesis, so-
matic mutational events are influenced by a number of unique
factors that are not operative in adults, specifically high rates of
DNA replication associated with cellular proliferation, as well as
variable expression of enzymes that metabolize genotoxic com-
pounds, V(D)J recombinase and DNA-damage repair enzyme
systems. Another unique aspect of embryogenesis is that there
are a number of gender-specific developmental processes that
occur in utero that appear to have clinical relevance. Specifically,
gender-specific in utero developmental processes have been de-
scribed for neural differentiation (1), growth (2), lung maturation
(3), cardiac development (4), and glutathione-reductase expres-
sion (5). Investigations of genetic events that occur in utero are
critical because mutations during this time have been directly
associated with diseases in children, in particular cancer, and also
may contribute to multigenetic events associated with adult-onset
diseases such as diabetes, autoimmune diseases, and cancer.
These studies also may provide insight into gender-specific dif-
ferences seen with disease pathogenesis.

Previously we have used the hypoxanthine phosphorybosil-
transferase (HPRT) T cell cloning reporter gene assay to deter-
mine the in vivo frequency and spectrum of somatic mutational
events in healthy infants and children (6–8). We have demon-
strated an age-specific increase in spontaneous mutant frequency
(Mf) in children from birth to 17 years of age that is significantly
different from that seen in adults (6, 9). We also have demon-
strated an age-specific HPRT mutational spectrum in children

characterized by ‘‘illegitimate’’ V(D)J recombinase-mediated
large deletions, which predominates in children less than 5 yr old.
Such illegitimate V(D)J recombinase-mediated rearrangements
have been shown to have clinical significance because such
genetic alterations are associated with pediatric hematopoietic
malignancies (10–14). These studies have provided insight into
the developmental association between spontaneous somatic
mutational events and oncogenesis, as well as contributed a
database for future investigations directed at studying the poten-
tial age-specific genetic susceptibility of children to genotoxic
exposures.

In this study, we have expanded on our previous work and
describe the background somatic Mf in cord blood T lymphocytes
from 52 infants born prematurely (gestational age , 36 wk). We
compared the Mf and unselected cloning efficiency (CE) in these
infants to our previously reported data for full-term infants and
found that for preterm infants a significantly higher Mf exists that
is inversely related to gestational age (GA). The most intriguing
observation is that this increase in Mf in preterm infants is solely
the consequence of a gender-specific increase in Mf of preterm
female infants.

MATERIALS AND METHODS
Study Population and Sample Collection. Heparinized umbil-

ical cord blood samples from 52 preterm infants (,36-wk gesta-
tion) and 63 full-term infants were obtained from the labor and
delivery unit of Fletcher Allen Hospital of the University of
Vermont College of Medicine. Only blood samples from infants
showing no clinical evidence of perinatal infection, systemic
illness, or congenital anomaly and whose mothers had no history
of systemic or chronic disease, chronic use of medication, or
significant genotoxic exposure including radiation were included
in this study. Medical and socioeconomic history as well as
informed consent were obtained, following the procedure ap-
proved by the Committee on Human Research at the University
of Vermont. The 63 full-term infants included 60 subjects from
our previous study (8) plus three additional infants. Among the
preterm infants three subjects had been in our previous study but
had gestational ages under 36 wk.

HPRT T Cell Cloning Assay. The HPRT T cell cloning assay has
been described in detail elsewhere (8, 15). Umbilical cord blood
samples were diluted with basic RPMI medium 1640 (containing
25 mM Hepes, 25 mM L-glutamine, 100 unitsyml of penicillin,
and 100 mgyml of streptomycin sulfate), pH 7.2. Mononuclear
cells (MNC) were isolated by histopaque density sedimentation
(400 3 g for 30 min at 20°C) and washed twice with saline G. The
isolated MNC were inoculated at 1, 2, and 5 cellsywell in 96-well

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

PNAS is available online at www.pnas.org.

This paper was submitted directly (Track II) to the Proceedings office.
Abbreviations: HPRT, hypoxanthine phosphoribosyltransferase; Mf,
mutant frequency; lnMf, logarithm Mf; GA, gestational age; CE,
cloning efficiency.
¶To whom reprint requests should be addressed at: Department of
Pediatrics, Medical Alumni Building, Burlington, VT 05401. e-mail:
finette@salus.med.uvm.edu.

586



round bottom microtiter plates for determining unselected clon-
ing efficiency (CE). To select HPRT mutant isolates, 3 or 4 3 104

cellsywell were plated in the presence of 10 mM 6-thioguanine.
The medium used consisted of 55% RPMI medium 1640, 20%
HL-1 medium, 5% calf bovine serum, 20% T cell growth factor
(TCGF), 0.25 mgyml of phytohemagglutinin, 100 unitsyml of
penicillin, and 100 mgyml of streptomycin sulfate. TCGF is a
supernatant medium derived from a lymphokine-activated killer
cell therapy containing approximately 1,500 unitsyml of recom-
binant interleukin 2. Each well contained 200 ml of the above
medium and '104 g-irradiated 36X4 accessory cells, a B lym-
phoblastoid cell line in which the HPRT gene is deleted. Micro-
titer plates were incubated in a humidified atmosphere with
5–6% CO2 at 37°C for 14–21 days and scored for positive
colonies.

Statistical Analysis. CEs were calculated by using the Poisson
distribution relationship, Po 5 e2x, where Po is the fraction of
wells without colony growth and x is the average number of
clonable cells per well. CE 5 2ln PoyN, where N is the average
number of cells inoculated per well by limited dilution. The mean
CE was determined from three different concentration (i.e., n 5
1, 2, and 5 cellsywell) of unselected cells. The Mf is the ratio of
the mean CE in the presence (selected) and absence (unselected)
of 6-thioguanine. Confidence intervals (95%) were calculated
(Table 1) as described (16).

Because the distribution of Mf is skewed, statistical analyses
were based on the natural logarithms of Mf 3 1026 (lnMf 3
1026). Adjusted lnMfs 3 1026 were calculated as the difference
between the observed lnMf 3 1026 and a correction factor
representing the lnMf 3 1026 expected for that CE. The correc-
tion factor was derived by regressing lnMf 3 1026 on CE, group
(preterm or full term) and an interaction term to allow the effects
of CE to differ in the two groups.

Preterm and full-term infants were compared by using t tests
to assess differences in CE, Mf 3 1026, and lnMf 3 1026.
Gender differences also were analyzed by t tests. Regression
analyses were used to examine the relationships between
lnMf 3 1026 and GA.

To examine the potentially confounding effect of transplacen-
tal tobacco exposure on Mf and CE, subjects were divided into
four groups based on maternal history of tobacco exposure as
described (8) (see Table 1). Groups were compared by ANOVA
using the Student-Newman-Kuels procedure to adjust for multi-
ple pairwise comparisons. Regression analyses, including smok-
ing exposure group variables, also were done to examine the
significance of the relationship between GA and lnMf 3 1026

after controlling for tobacco exposure.

RESULTS
A summary of the GA, gender, CE, Mf, and transplacental
cigarette smoke exposure for the preterm and full-term cord
blood samples used in this study is shown in Table 1. A total of
52 preterm subjects (32 male and 20 female) and 63 full-term
infants (37 male and 26 female) were enrolled.

Comparison of Preterm and Full-Term Infants. A significantly
lower CE was seen for premature infants compared with full-term
infants, P 5 0.001, (Table 2). In addition, the mean lnMf for
preterm infants was significantly higher than the mean lnMf of
full-term infants, P 5 0.008.

To further examine the relationship between GA on Mf, a
regression analysis was performed by using GA as a continuous
variable to predict lnMf 3 1026. Both preterm and full-term
infants were included in this analysis and the following regression
equation was obtained:

lnMf 5 2.16 2 0.067 GA ~R2 5 0.079, P 5 0.002).

This analysis demonstrates that there is a significant correlation
between lnMf and GA in which lnMf decreases as GA increases.

Gender-Specific Effects of GA. When analyses were performed
separately for male and female infants, only preterm female
subjects demonstrate a significantly higher lnMf (P , 0.001) as
compared with full-term female subjects (Tables 3 and 4). In
contrast, a comparison of lnMf between preterm males and
full-term males was not significant (P 5 0.98) (Tables 3 and 4).

The relationship between lnMf and GA was analyzed further
by separate regression analysis for each gender, revealing the
following gender relationships: female, lnMf 5 4.55 2 0.131 GA
(R2 5 0.280, P , 0.001); and male, lnMf 5 20.22 2 0.002 GA (R2

5 0.00, P 5 0.933).
This regression analyses demonstrate a highly significant gen-

der-specific relationship between lnMf and GA for females that
does not exist for males. As a result, the inverse relationship
between GA and lnMf seen for infants described in the previous
section is the consequence of a gender-specific increase in Mf for
female infants. The relationship between lnMf and GA is graph-
ically depicted in Fig. 1 for both genders.

As a consequence of the differing effects of GA in males and
females, gender differences in lnMf were reversed for preterm
and full-term infants. For preterm infants, females had a signif-
icantly higher lnMf compared with males (P 5 0.005), whereas for
full-term infants, females had a lower lnMf compared with males
that is not statistically different (P 5 0.098) (Tables 3 and 4).

Adjustment of Differences in CE. Previous studies have dem-
onstrated an inverse relationship between lnMf and CE in normal
control populations. The question then can be raised about
whether differences in lnMf could be caused at least in part by
differences in CE. We examined this possibility by adjusting lnMf
for CE, by using a correction factor based on data from both
preterm and full-term infants. The results were very similar to the
unadjusted results, reinforcing our findings of gender differences.
In fact, the comparison of full-term males vs. full-term females,
which was not significant for the unadjusted analyses, demon-
strated a significant difference for the adjusted analysis, with the
females having a lower adjusted lnMf. For the regression analyses,
the relationships with GA were stronger than for the unadjusted
lnMf. These results indicated that the significant differences and
relationships observed for lnMf are not attributable to differences
in CE.

Effect of Transplacental Tobacco Exposure. We were con-
cerned that the significant differences seen in lnMf and lnMf for
premature infants could be influenced by transplacental exposure
to cigarette smoke because there was a significant difference in
the distribution of maternal cigarette exposure between full-term
and preterm infants. Previously we reported that transplacental
exposure to cigarette smoke from smoking mothers and mothers
exposed only to passive cigarette smoke showed no significant
differences in lnMf for full-term infants compared with controls
(8). In this study, lnMf in preterm infants also showed no
significant differences between the smoking groups shown in
Table 1 (P 5 0.071). The relationship between GA and lnMf
remained significant when smoking exposure groups were in-
cluded in the regression analysis (P 5 0.001). An additional
regression using smoking exposure, gender, group (full or pre-
term), and the interaction between group and gender as predic-
tors confirmed that the gender-specific differences between
full-term and preterm infants were not the result of differences in
smoking exposure. LnMf was significantly related to gender (P 5
0.004), group (P , 0.001), and their interaction (P 5 0.003) but
was not related to smoking exposure in this particular study.

DISCUSSION
It has been estimated that about half of all in vivo somatic
mutations arise during development, with about half of these
occurring in utero (17). As a result, in utero somatic mutational
events most likely play a major role in the development of
pediatric diseases, in particular cancer. Recently, in utero leuke-
mogenic rearrangements involving t(4;11)(q21;q23) transloca-
tions (resulting in genomic fusions between the MLL-AF4 loci)
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Table 1. Summary of GA, sex, CE, Mf, and smoking exposure for preterm and full-term newborns

Subject
number Sex GA, weeks CE Mf 3 1026 lnMf 3 1026

95% Confidence
interval Smoking

group*Lower Upper

Preterm newborns
PI 4 F 26 0.24 1.04 0.04 20.86 0.94 I
PI 9 F 27 0.08 4.36 1.47 0.62 2.32 I
PS 8 F 27 0.19 2.52 0.92 0.02 1.82 III
PI 31 F 29 0.01 17.41 2.86 0.08 5.63 III
PS 9 F 29 0.34 0.54 20.61 21.76 0.53 II
PI 22 F 30 0.12 1.45 0.37 21.04 1.79 I
PS 25 F 30 0.06 1.16 0.15 21.29 1.58 I
PI 25 F 31 0.11 3.17 1.15 0.14 2.17 I
PI 33 F 31 0.14 0.41 20.88 22.86 1.09 III
PI 41 F 31 0.16 6.54 1.88 20.10 3.85 I
PS 26a F 31 0.53 0.66 20.42 21.18 0.35 I
PS 26c F 31 0.40 0.44 20.83 22.80 1.14 I
PI 36 F 32 0.19 0.78 20.24 21.40 0.91 I
MFS 28 F 33 0.03 1.93 0.66 21.44 2.76 I
PI 3 F 33 0.10 1.74 0.55 20.86 1.97 IV
PI 14 F 33 0.04 17.54 2.86 1.95 3.78 I
PI 1 F 34 0.05 3.98 1.38 0.34 2.43 II
PS 12b F 34 0.18 0.54 20.61 22.02 0.80 I
PS 5 F 35 0.15 2.09 0.74 0.04 1.44 III
PS 14 F 35 0.36 0.41 20.89 21.89 0.11 IV
PS 21 M 26 0.37 1.21 0.19 20.64 1.02 IV
PS 22 M 27 0.31 0.15 21.89 23.86 0.08 I
PI 40 M 28 0.09 1.93 0.66 21.33 2.65 I
PS 30 M 29 0.25 1.84 0.61 20.04 1.26 I
PI 28 M 31 0.02 1.16 0.15 21.88 2.18 II
PS 23 M 31 0.31 0.37 20.98 22.38 0.41 IV
PS 26b M 31 0.48 0.31 21.17 22.32 20.02 I
PS 29 M 31 0.46 0.76 20.28 21.09 0.54 II
PI 8 M 32 0.17 0.91 20.09 21.10 0.92 II
PI 18 M 32 0.11 2.26 0.82 20.10 1.74 II
PI 43 M 32 0.11 1.58 0.46 21.52 2.44 I
PS 18 M 32 0.16 0.49 20.71 21.87 0.44 II
PS 19 M 32 0.32 0.57 20.56 21.32 0.21 I
MFS 104 M 33 0.49 0.36 21.03 22.18 0.11 I
PI 2 M 33 0.09 1.93 0.66 20.76 2.08 IV
PI 12 M 33 0.17 1.54 0.43 20.75 1.61 I
PI 34 M 33 0.15 0.77 20.26 22.23 1.72 II
PI 44 M 33 0.14 1.42 0.35 20.66 1.36 IV
PI 46 M 33 0.23 0.25 21.38 23.35 0.59 II
PS 6 M 33 0.18 0.39 20.95 22.92 1.02 I
PS 10 M 33 0.07 0.52 20.66 22.08 0.77 II
PI 6 M 34 0.02 3.48 1.25 20.25 2.74 I
PI 7 M 34 0.04 1.34 0.29 21.18 1.76 I
PS 16 M 34 0.10 1.92 0.65 20.07 1.37 IV
PS 20 M 34 0.25 0.42 20.87 22.27 0.53 I
MFS 7 M 35 0.68 0.57 20.56 21.56 0.43 IV
PI 10 M 35 0.08 2.18 0.78 20.65 2.21 I
PI 20 M 35 0.11 0.79 20.24 22.21 1.74 I
PS 2 M 35 0.19 0.26 21.34 23.31 0.63 I
PS 7 M 35 0.44 0.37 21.00 21.47 20.54 I
PS 13 M 35 0.25 0.11 22.18 24.15 20.21 I
PS 15 M 35 0.38 0.57 20.56 21.45 0.34 II

Full-term newborns
MFS 61a F 36 0.45 0.32 21.14 22.08 20.20 IV
PS 32 F 36 0.07 2.69 0.99 0.08 1.89 II
MFS 66 F 37 0.25 0.70 20.36 22.33 1.61 IV
MFS 77 F 38 0.10 0.87 20.14 21.56 1.28 I
MFS 94 F 38 0.47 0.14 21.97 23.38 0.56 IV
MFS 111 F 38 0.36 1.30 0.26 20.88 1.41 II
MFS 8 F 39 0.57 0.50 20.69 21.58 0.20 I
MFS 29 F 39 0.29 0.40 20.92 22.89 1.06 II
MFS 78 F 39 0.29 0.60 20.51 22.06 1.04 IV
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and t(12;21)(p13;q22) translocations (TEL-AML1 genomic fu-
sions) have been identified in children diagnosed with acute
lymphocytic leukemia (ALL) (18, 19). In addition, identical
leukemic clones with rearrangement of MLL gene on chromo-
some 11q23 were found in twins with infant acute B cell lym-
phoblastic leukemia (20–22), and T cell ALL (23), further
suggesting the importance of in utero leukemogenesis. These

observations illustrate that it is critical to determine the in utero
genetic effects of exogenous environmental exposures as well as
endogenous developmental processes that may influence the
initiation of in utero leukemogenic events.

It is of interest that prematurity itself is associated with cancer
risk. Specifically, several epidemiologic studies conclude that
children born prematurely are at an increase risk for hepatoblas-

Table 1. (Continued)

Subject
number Sex GA, weeks CE Mf 3 1026 lnMf 3 1026

95% Confidence
interval Smoking

group*Lower Upper

MFS 85 F 39 0.35 0.66 20.42 21.31 0.48 III
MFS 105 F 39 0.18 0.18 21.71 23.69 0.26 III
MFS 6 F 40 0.59 0.29 21.24 22.38 20.10 II
MFS 15 F 40 0.20 0.24 21.43 22.83 20.03 I
MFS 24 F 40 0.22 0.79 20.24 21.14 0.66 IV
MFS 41 F 40 0.36 0.10 22.30 24.27 20.33 I
MFS 53 F 40 0.25 0.56 20.58 21.98 0.82 III
MFS 54 F 40 0.15 0.71 20.34 21.37 0.69 III
MFS 73 F 40 0.07 1.81 0.59 20.83 2.02 II
MFS 79 F 40 0.20 0.58 20.54 21.70 0.61 IV
MFS 108 F 40 0.06 1.16 0.15 21.84 2.14 I
MFS 63 F 40 0.32 0.54 20.62 21.76 0.53 I
MFS 9 F 41 0.58 0.10 22.30 24.27 20.33 IV
MFS 11 F 41 0.48 1.20 0.18 20.46 0.82 II
MFS 26 F 41 0.22 0.95 20.05 21.20 1.10 I
MFS 42 F 42 0.16 0.18 21.71 23.83 0.40 II
MFS 62 F 42 0.33 0.47 20.76 22.15 0.64 II
PS 24 M 36 0.68 0.82 20.19 20.72 0.33 III
MFS 74 M 36 0.61 0.87 20.14 21.28 1.00 II
MFS 61b M 36 0.50 0.23 21.47 22.87 20.07 IV
MFS 31 M 37 0.04 0.96 20.04 22.07 1.98 III
MFS 36 M 37 0.60 0.47 20.76 21.47 20.04 I
MFS 16 M 38 0.33 1.06 0.06 21.09 1.20 I
MFS 27 M 38 0.22 0.23 21.47 22.62 20.32 I
MFS 45 M 38 0.13 0.67 20.40 22.38 1.58 I
MFS 103 M 38 0.27 0.24 21.43 22.58 20.28 IV
MFS 65 M 38 0.15 6.37 1.85 1.34 2.36 IV
MFS 82 M 38 0.18 0.64 20.45 21.60 0.071 II
MFS 1 M 39 0.30 1.16 0.15 20.85 1.15 IV
MFS 5 M 39 0.19 1.80 0.59 20.42 1.60 III
MFS 30 M 39 0.09 3.60 1.28 0.25 2.31 IV
MFS 43 M 39 0.43 0.47 20.76 21.51 0.00 IV
MFS 58 M 39 0.36 0.58 20.54 21.37 0.28 III
MFS 59 M 39 0.17 0.85 20.16 21.07 0.75 IV
MFS 64 M 39 0.13 2.93 1.26 0.23 1.92 IV
MFS 71 M 39 0.20 0.75 20.29 21.06 0.49 II
MFS 72 M 39 0.47 0.85 20.16 20.88 0.55 III
MFS 87 M 39 0.47 0.45 20.80 21.94 0.35 I
MFS 95 M 39 0.43 0.88 20.13 20.89 0.63 IV
MFS 99 M 39 0.23 0.43 20.84 22.81 1.13 II
MFS 2 M 40 0.75 1.22 0.20 20.37 0.77 IV
MFS 25 M 40 0.20 0.87 20.14 21.29 1.01 I
MFS 39 M 40 0.69 0.13 22.04 23.44 20.64 I
MFS 40 M 40 0.42 0.55 20.60 21.49 0.30 IV
MFS 44 M 40 0.24 0.16 21.83 23.81 0.14 I
MFS 56 M 40 0.14 1.56 0.44 20.47 1.36 I
MFS 60 M 40 0.13 0.45 20.80 22.21 0.61 I
MFS 84 M 40 0.61 0.35 21.05 22.05 20.05 I
MFS 97 M 40 0.50 0.14 21.97 23.36 20.57 II
MFS 57 M 41 0.09 2.77 1.02 0.09 1.95 IV
MFS 68 M 41 0.40 0.64 20.45 21.21 0.32 IV
MFS 75 M 41 0.31 1.61 0.48 20.42 1.37 IV
MFS 86 M 41 0.42 1.11 0.10 20.54 0.75 I
MFS 88 M 42 0.45 1.21 0.19 20.57 0.95 I

*Group I, preterm newborns whose mothers had no history of active or passive cigarette exposure during the pregnancy; group II, preterm newborns
whose mothers actively smoked cigarettes throughout the pregnancy; group III, preterm newborns whose mothers actively smoked cigarettes during
first trimester only; and group IV, preterm newborns whose mothers were exposed only to passive cigarette smoke.
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tomas (24, 25), malignant germ-cell tumors (26), and breast
cancer as adults (27), as well as a reduced risk of prostate cancer
(28). These studies infer that transplacental exposures as well as
other gender-specific endogenous in utero mechanisms may result
in specific genetic alterations associated with malignant transfor-
mation in children. There are currently no biologic data that can
provide insight into these observations except that gender-specific
expression of sex hormones likely plays some role.

In this study we determined that the mean nonselected CE of
preterm infants (male and female) is significantly lower than the
mean nonselected CE of full-term infants. The reason for this
difference is unclear. The proportion of T lymphocytes found in
the mononuclear fraction of cord blood samples is lower com-
pared with children and adults (29). This decrease in the pro-
portion of T lymphocytes in cord blood samples could result in a
smaller fraction of clonable T lymphocytes for our assay system
and be reflected as lower nonselected CE, because the nonse-
lected CE is based on total mononuclear cell content.

The most interesting observation in this study is that there is a
gender-specific difference in the effect of GA on the frequency
of somatic mutations. Specifically, the lnMf for female preterm
infants is significantly higher than for preterm males and that it
decreases with increasing GA whereas for male preterm infants
the lnMf is unrelated to GA. An inverse relationship between
lnMf and CE has been observed in healthy populations, raising
the question of whether these differences in lnMf could be caused
at least in part by differences in CE. We examined this possibility
by adjusting lnMf for CE, using a correction factor based on data
from both the preterm and full-term infants. The results were
very similar to the unadjusted results, reinforcing our findings of
gender differences. In fact, the comparison of full-term males vs.
full-term females, which was not significant for the unadjusted
analyses, demonstrated a significant difference for the adjusted
analysis, with the females having a lower adjusted lnMf. It is also
important to consider that this gender difference in Mf is not the
result of in vivo clonal expansion of HPRT mutant clones,
resulting in a falsely elevated Mf. Preliminary molecular analysis
of HPRT mutant isolates from both female and male preterm
infants have demonstrated no significant in vivo clonal expansion;
therefore, in this study, Mf can be considered a reflection of in
vivo Mf.

The reasons for gender-specific differences for in utero somatic
mutational events are unclear. Gender-specific in utero develop-
mental processes in humans have been described for neural

differentiation (1), growth (2), lung maturation (3), cardiac
development (4), and glutathione-reductase expression (5). With
respect to molecular differences, adult females have been found
to have gender-specific differences in the spectrum of p53 mu-
tations and levels of DNA adducts in lung cancer tumors (30, 31)
as well as a more active immune response (32). In this respect,
higher Mfs have been previously demonstrated in adults with
increased lymphocyte proliferation associated with autoimmune
diseases (33, 34). If in utero, the immune system in females is more
active and mature than for males, then the higher Mf seen for
female preterm infants may be the consequence of increased in
utero lymphocyte proliferation. Such increased lymphocyte pro-
liferation and immune activity has been associated with prema-
ture births in response to maternal bacterial vaginosis andyor
chorioamnionitis (35).

The gender-specific decrease in Mf with increasing GA in
female preterm infants is a significant observation. This change
in Mf with GA may be the result of a number of factors. The first
factor to consider is the rate at which mutations are being
generated. In the absence of a known genotoxic exposure, or
DNA damage and repair system deficiency, the mutation rate is
mainly a consequence of cell proliferation and division. The
second factor that will influence changes in Mf with GA is the
removal of mutant isolates. It is intriguing to speculate that such
a removal may be associated with an in utero-mediated immu-
nological maturation event that selectively eliminates autoreac-
tive T cells via apoptosis. Interestingly, a high number of auto-
immune T lymphocytes has been observed in full-term cord blood
samples (36). Elimination of these ‘‘autoimmune’’ T lymphocytes
during fetal development may be reflected in the decreasing
number of total T cells that have developed proliferation-related
HPRT mutations.

An alternative possibility for such a decrease in Mf may be
explained by the change in selective pressure against HPRT2 T
lymphocytes during the observed gestational period. It has been
known that Mf of cord blood T lymphocytes is extremely low,
despite the high rate of lymphocyte proliferation evidenced by
high lymphocyte count in cord blood (29). This paradox may be
explained by the selective pressure against HPRT mutant isolates
that lack the purine salvage pathway (37). Evidence for such
selective pressure against HPRT mutant isolates has been re-
ported in female heterozygous for Lesch-Nyhan syndrome mu-
tations (38). The fraction of HPRT2 T lymphocytes in these
heterozygous females is substantially lower than the expected
50% (38–40). Recently, one study demonstrated that only 8.3%
of T lymphocytes carried HPRT mutations in a cord blood sample
of a Lesch-Nyhan heterozygous female characterized prenatally
(P. O’Neill, personal communication). The selection against
HPRT mutant isolates is thought to take place in bone marrow,
where purine synthesis is limited to the salvage pathway (41, 42).
Interestingly, during the life span of HPRT heterozygous female
mice, the decrease of HPRT mutant isolates in the juvenile period
was much more rapid compared with the decrease in adult stage
(43). Such biphasic decrease was attributed to the initial high
selection pressure against HPRT mutant isolates in bone marrow
and later selection with lower selective pressure in peripheral
lymphatic organs (43). In addition, primary hematopoietic site

Table 2. Comparison of CE, Mf, and lnMf in preterm and
full-term infants

N CE* Mf 3 1026* lnMf 3 1026*

Preterm 52 0.21 1.95 0.02
(0.15) (3.37) (1.05)

Full-term 63 0.32 0.92 20.46
(0.18) (0.99) (0.88)

P value 0.001 0.008

*Mean (SD).

Table 3. Summary of CE, Mf, and gender in preterm and
full-term newborns

Male Female

Preterm Full-term Preterm Full-term

N 32 37 20 26
CE* 0.23 0.34 0.17 0.29

(0.16) (0.19) (0.14) (0.16)
Mf 3 1026* 1.02 1.08 3.43 0.69

(0.80) (1.18) (5.06) (0.58)
lnMf 3 1026* 20.30 20.31 0.53 20.68

(0.86) (0.88) (1.15) (0.85)

*Mean (SD).

Table 4. Statistical comparisons of gender for CE and lnMf in
preterm and full-term infants

P values

CE lnMf 3 1026

Preterm vs full-term
Female 0.012 ,0.001
Male 0.012 0.946

Female vs male
Preterm 0.244 0.005
Full-term 0.315 0.098
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shifts from liver to bone marrow during the late stage of human
fetal development (44); therefore, the decrease in apparent Mf in
female infants may be the result of the shift of hematopoietic site
along with an increased proliferation rate in the lymphocyte
population. For male preterm infants, the lack of an association
between Mf and GA may be the result of a lower proliferation
rate in males andyor a distinctive switch compared with females
in hematopoietic site development. This hypothesis is supported
by the observation that a higher number of CD31 cells occurs in
female cord blood samples compared with those from males (45).

The overall increase in in utero Mf for females and the decrease
of Mf with increasing GA, which may be caused by higher
proliferation rate, also may have direct clinical implications. Most
notably there is a female predominance for infant leukemia where
the MLL gene rearrangements also predominate (46). MLL gene
rearrangements associated with infant leukemia have been shown
to be the consequence of ‘‘illegitimate’’ V(D)J recombinase-
mediated chromosomal rearrangements as well as splice site
mutations. In addition, there is a significant female predominance
for pediatric autoimmune diseases such as juvenile rheumatic
arthritis, juvenile psoriatic arthritis, systemic lupus erythemato-
sus, and fybromyalgia (47).
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FIG. 1. Regression analysis comparing lnMf at the HPRT locus and GA for preterm females (Left; P , 0.001) and preterm males (Right; P 5 0.933).
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